In the genome of Artiodactyla (cow, sheep, pigs, camels, and whales), a major retroposon group originated from a presumable horizontal transfer of BovB, a retrotransposon-like element retroposon, between 52 and 70 million years ago. Since then, BovB retroposons have proliferated and today occupy a quarter of the cow's genome sequence. The BovB-related short interspersed elements (SINEs) were used for resolving the phylogeny of Bovinae (cows, spiral-horned antelopes, and nilgais) and their relatives. In silico screening of 55,000 intronic retroposon insertions in the cow genome and experimental validation of 126 introns resulted in 29 informative retroposon markers for resolving bovine evolutionary relationships. A transposition-in-transposition analysis identifies three different phases of SINE activity and show how BovB elements have expanded in the cattle genome.
Domestic cattle (Bos taurus) are important animals used for food production and transportation. Surprisingly, despite a relatively young age (early Miocene), the evolutionary history of cattle and their allies within the subfamiliy Bovinae is uncertain. Bovinae consist of three groups: the African spiral-horned antelopes (Tragelaphini), the Asian nilgais plus the four-horned antelopes (Boselaphini), and the cow, bison, and buffalo (Bovini). We have used a different strategy, nearly homoplasy-free retroposon markers, to elucidate the relationships within this group.
A significant component of mammalian genomes is repetitive DNA sequence fragments. Retroposons can occur as either short interspersed elements (SINEs) or long interspersed elements (LINEs). LINE1 (L1) elements expanded during early placental mammalian evolution and propagate the shorter SINEs (Kramerov and Vassetzky 2005) . A special feature of SINEs and LINEs is that once the element has inserted itself in the genome of the germline, the retroposon insertion will appear in all descendants. Only under very rare circumstances, can retroposons be excised (van de Lagemaat et al. 2005; Ray et al. 2006) . The rarity of reversals and low probability of homoplasy make them ideal markers for resolving evolutionary relationships (Shedlock and Okada 2000; Shedlock et al. 2004; Ray et al. 2006 ) and have successfully been used to resolve the phylogeny of several mammalian groups (Shimamura et al. 1999; Nijman et al. 2002; Kriegs et al. 2006; Möller-Krull et al. 2007; Li et al. 2009) .
A striking feature of the cattle genome is the presence of 400,000 copies of the retrotransposon-like element (RTE) LINE element (Youngman et al. 1996; Adelson et al. 2009 ). So far RTE LINEs have been indentified in all Ruminantia (mouse deers, deers, giraffes, sheeps, and cows) and are named BovB, after their initial discovery in the bovine genome (Szemraj et al. 1995) . Surprisingly, relatives to Ruminatia, Suina (pigs and peccaries), Tylopoda (camels), and Cetacea (whales and dolphins) lack RTE elements. Therefore, it has been suggested that BovB has been introduced by horizontal transfer (Zupunski et al. 2001) into the genome of an ancestor to ruminants living 70-52 million years ago (Ma) (Benton et al. 2009 ). In Artiodactyla, one prominent SINE type is the Cetacea, Hippopotamidae, and Ruminantia (CHR) SINE (Shimamura et al. 1997) . After the introduction of BovB into the ancestral genome, new SINEs emerged due to rearrangement between older CHR SINEs and the newly introduced BovB LINE ( fig. 1a) . Currently, the BovB LINEs and related SINEs occupy 22% of the cow genome (Adelson et al. 2009 ), suggesting an average increase in genome size by retroposition of 0.4% per million years.
In this study, for the first time we report a relative timeframe of ancient retropositional insertions based on an in silico screening of the completely sequenced cattle genome using the transposition-in-transposition (TinT) analysis (Churakov et al. 2010) . The TinT analysis detected that an expansion of new artiodactyl-specific Bov-tA, ART2A, and BOV-A2 SINEs occurred after the BovB LINE introduction in the ancestral genome ( fig. 1b) . The experimental screening indicates that Bov-tA and BOV-A2 originated around the evolutionary split leading to Ruminantia and Pecora. In the genome of the ancestral Cetartiodactyla, the L1-propagated CHR SINEs were active ( fig. 1b ). This is in accordance with previous studies of the evolution of SINEs in Artiodactyla (Shimamura et al. 1999) .
In silico screening of the cattle genome (bosTau4) yielded 55,000 introns suitable for experimental analysis (see ß The Author 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com Supplementary Methods, Supplementary Material online). Of these, 126 introns were experimentally evaluated for retroposon insertions, and 27 introns with phylogenetically informative retroposon insertions were identified and sequenced (supplementary tables S1-S4, supplementary data set S1, Supplementary Material online). According to Waddell et al. (2001) , the support from retroposon insertions can be calculated as a probability value (P) to support one of three hypotheses that can be constructed around the branch in question in a rooted tree. To complement the retroposon insertion analyses, flanking intronic and exonic sequence data were concatenated (6,950 nt) and used to reconstruct bovid phylogeny (Supplementary Methods, supplementary data set S2, Supplementary Material online).
The experimental retroposon insertion screen found six Bov-tA1 insertions ([6 0 0] P = 0.0014) that support the Ruminantia clade and five insertions ([5 0 0] P = 0.0041) supporting Pecora (fig. 1a) . Note that the numbers preceding the P value denote presence or absence of conflicting retroposon insertions (Waddell et al. 2001) . Despite screening a large number of SINE-containing introns, none were informative for resolving relationships inside Pecora, the largest ruminant infraorder. The experimental screen identified two BOV-A2 elements ([2 0 0] P = 0.1111) that supported the monophyly of the family Bovidae. It is remarkable that only two SINE integrations were discovered given the strong support for the Bovidae branch from sequence analyses in this and other studies (Hassanin and Douzery 2003; Decker et al. 2009 ). In the younger part of the tree, the Bovinae and the Bovini were well supported by six ([6 0 P = 0.0247). There are three possible scenarios that could explain this finding: 1) incomplete lineage sorting, 2) precise parallel insertion, or 3) exact deletion (Ray et al. 2006) . After insertion of a retroposon into the germ line, unequal fixation of alleles in different lineages can result in populations displaying genomic patterns of characters (haplotypes, indels, and retroposon insertions) that do not reflect the genealogic history (Churakov et al. 2009; Nishihara et al. 2009 ).
The age of Bovinae is estimated by molecular data to 19-20 Ma, a timing that is well corroborated by fossil evidence (Hassanin and Douzery 2003; Hernández Fernández and Vrba 2005) . The strict geographic distribution of extant Boselaphini (Asia) and Tragelaphini (Africa) should aid in making hypotheses concerning their early evolution straightforward; however, to date nothing is known about their relationship (Bibi et al. 2009 ). There seems to have been an initial radiation of early Bovinae in Asia, which could explain the distribution of Boselaphini, which is presently found in India and Pakistan (Wilson and Reeder 2005) . Although there is plenty of fossil evidence of spiral-horned antelopes from different African regions with younger deposits, the initial colonization route to Africa remains unclear (Bibi et al. 2009 ).
We could identify four BOV-A2 and one Bov-tA insertion supporting the Bovinae, whereas only one BOV-A2 insertion weakly supported ([1 0 0] P = 0.3333) an affiliation of spiral-horned antelopes (Tragelaphini) to Bovini. Typically, three SINE insertions for a node are considered significant support for a branch, if no conflicting insertions are observed (Waddell et al. 2001 ). However, in phylogenetic studies based on retroposon insertions, under certain circumstances, SINE insertions can be found supporting several different topologies (Churakov et al. 2009; Nishihara et al. 2009 ). This is usually correlated with short divergence times and speciation-related processes such as incomplete lineage sorting or hybridization (Hallström and Janke 2010) . It is likely that conflicting SINE insertions supporting alternative topologies will be identified for the deeper splits in Bovinae. Highlighting the problems to resolve the Bovinae node, the sequencebased phylogenetic analysis of the flanking sequences suggested a sister-group relationship between Boselaphini and Tragelaphini (supplementary figs. S2 and S3 and supplementary table S5, Supplementary Material online) that is opposite to the results from the retroposon insertion. This is the first large-scale systematic screening of retroposon data for resolving the deeper relationships inside Bovinae. It allowed determining the temporal activity of RTE LINEs and SINEs in the cattle genome. RTE elements are only known from a few mammalian groups and have been highly successful in the cattle genome and their relatives. The retroposon insertion analysis yielded significant support for several nodes such as Bovinae, but the trifurcation among Tragelaphini, Boselaphini, and Bovini remained difficult to resolve by retroposon data.
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